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We explore the possible spectrum of binary mergers of sub-solar mass black holes formed out
of dark matter particles interacting via a dark electromagnetism. We estimate the properties of
these dark black holes by assuming that their formation process is parallel to Population-III star
formation; except that dark molecular cooling can yield smaller opacity limit. We estimate the
binary coalescence rates for the Advanced LIGO and Einstein telescope, and find that scenarios
compatible with all current constraints could produce dark black holes at rates high enough for
detection by Advanced LIGO.
PACS numbers: 04.30.-w
Introduction - Our understanding of dark matter
relies almost entirely on observations of how it gravitates
on very large scales. The recent gravitational wave de-
tections of binary black hole systems [1–4] provide infor-
mation about gravitating structures on very small scales,
and have re-opened a discussion into the possibility that
dark matter consists of compact objects which may be
entirely baryonic in origin [5–7]. Here, we point out that
the spectrum of merging compact objects, especially in
the sub-solar-mass regime, also constrains a large family
of non-baryonic dark matter scenarios. In the event of a
detection, the mass of the small black hole would provide
a direct constraint on the mass of a dark-sector particle,
for example, through the Chandrasekhar limit.
Atomic dark matter - If the cosmologically observed
dark matter consists entirely or partly of particles not in
the standard model, it may have richer physics than that
of the cold dark matter scenario. In particular, dark
matter particles that carry one or more new charges may
have cooling channels that allow gravitationally bound
structures to dissipate kinetic energy into dark radiation.
Such scenarios have been studied for many years [8–13],
but precise cooling rates for the simplest “atomic dark
matter” scenario have been calculated only very recently
[14–16]. Atomic dark matter models are subject to a va-
riety of constraints [8, 17–20], but some viable parameter
space remains.
Here we consider a dark sector consisting of a heavy
fermion of mass mX (a proton analog), a light fermion
of mass mc (a dark electron) and a dark photon. (LIGO
constraints are also relevant for dark sectors with more
complex particle content [16].) We denote the dark fine-
structure constant as αD. Then, dark matter structures
can cool and collapse by processes analogous to those
that occur in gravitationally bound clouds of hydrogen.
In the absence of dark nuclear physics, the only possible
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end state for gravitational collapse is a black hole. The
minimum mass for a dark-sector black hole (DBH) is set
by the Chandrasekhar limit and depends on the mass of
the heavy particle as [21]
MDarkChand. = 1.457M
(
mp
mX
)2
, (1)
where the proton mass is mp = 0.938 GeV.
If dark black holes form, the present-day coalescence
rate for black holes with typical mass MDBH in a galactic
halo with total dark matter mass MDM can be estimated
by
R˙ ∼
(
MDM × fcool × fform. eff.
MDBH
)
× fbinary
×
[
dP (Tmerge)
dTmerge
]∣∣∣∣
Tmerge∼1010yr
(2)
where fcool is the fraction of dark matter that can dy-
namically cool, fform. eff. is the fraction of the cool-
ing dark matter that ends up in DBHs, fbinary is the
number of binary systems compared to total DBHs,
and dP (Tmerge)/dTmerge is the probability density of the
merger times of the binaries.
In the rest of the paper, we demonstrate that there is
no obvious obstruction to the formation of sub-solar-mass
DBHs. Since DBH formation is likely to share many fea-
tures of Population-III (Pop III) star formation, where no
metal is involved and there are fewer complex feedback
mechanisms generated by nuclear physics, we use the lit-
erature on formation and binary parameters of Pop III
stars to estimate each of the terms in Eq.(2). For several
choices for dark sector parameters that are broadly con-
sistent with current constraints, we estimate the event
rates for Advanced LIGO operating at current and de-
signed sensitivity as well as for a Einstein-telescope like
future gravitational wave observatory.
Cooling, fragmentation, and collapse in the dark sec-
tor - Many of the relevant atomic cooling processes for
dark matter charged under a dark electromagnetism have
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2been recently calculated in detail by Rosenberg and Fan
[14]. As demonstrated by Buckley and DiFranzo [15], a
choice of parameters for the dark U(1) sector (as well as
ξ = TD/TCMB, the ratio of the temperature of the dark
sector to that of the visible photon–denoted as CMB) de-
fines the range of halo masses which can cool by processes
analogous to those for hydrogen gas. These processes re-
quire a certain minimum density to be operative, so they
need not alter the formation of usual cold dark matter
halos on very large (' Mpc) scales.
At the same time, the coupling of dark matter to dark
radiation suppresses structure on scales smaller than the
sound horizon scale at the kinematic decoupling time
of dark species. This dark acoustic oscillation (DAO)
scale provides an approximate lower limit on the size
of substructures that can form. In order for all of
dark matter to be charged under the dark force, with
masses and couplings such that DBHs likely to be ac-
cessible with Advanced LIGO are formed, while still re-
maining consistent with DAO constraints [18] we assume
ξ = TD/TCMB = 0.02. Larger ξ will further suppress
small-scale structure and lead to a smaller fraction of
dark matter that can collapse, and so a smaller number
of DBHs. Assuming only the degrees of freedom in the
standard model and that the dark and baryonic sectors
were in thermal equilibrium gives ξ = 0.5, so some addi-
tional physics (e.g. differential reheating [22]) is required
to achieve this number.
We follow [14, 15] to estimate the range of halo masses
for which the time for the halo to lose order one of its
energy by cooling is shorter than the free-fall time scale,
including inverse-Compton scattering of CMB photons,
free-free scattering of dark electrons, free-bound scatter-
ing, and collisional excitation of dark hydrogen (1s→ 2p).
In order not to spoil the large-scale structure formation,
we choose example parameter sets by setting the max-
imum halo size that can cool significantly in a free-fall
time to 1011 M. From the study of sub-structure in
the Via Lactea simulation [23], we estimate that these
parameters would place no more than a few percent of
the dark matter in the Milky Way in the cooling regime.
More precise estimates would require a suite of dedicated
numerical simulations, so we take fcool ∼ 0.01 as a typical
cooling fraction.
For halos in the right mass range to support cooling,
the minimum Jeans mass can be estimated using the
opacity-limit argument, which gives [24, 25]
MJ,min ∝
(
mp
mX
)9/4 (
T
103K
)1/4
M, (3)
where mp is the proton mass. The minimum Jeans
mass decreases faster with increasing mX than the Chan-
drasekhar limit does. The Pop III stars form in small
halos with virial temperatures around 103K, which is
cooled to around 200 K by the rotational line cooling of
molecular hydrogen [26, 27].
For dark molecular hydrogen, the separation between
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FIG. 1. The mass function of black holes for four dark
matter masses that we consider here. For all cases, we assume
ξ ≡ TD/TCMB = 0.02, αD = 0.01, and set mc so that the
dissipation does not affect the formation of dark matter halos
above 1011 M.
the ground state and the first excited state scales as
∆E =
(
mp
mX
)( mc
511 keV
)2 ( αD
0.0073
)2
× 512K. (4)
Numerical simulations of Pop III stars find that the
collapsing gas creates ∼ 1M protostars which accrete
rapidly to form relatively massive stars with birth masses
of order 100M [26, 28]. We use Eq.(4) for the tempera-
ture in Eq.(3), fixing the constant of proportionality from
Pop III studies. Then, assuming the dynamics of DBH
formation is not too different from the formation of Pop
III protostars, we estimate that the minimum mass of
DBHs at formation will be around
MDBH,min ∼
(
mp
mX
)9/4 (
T
103K
)1/4
103M. (5)
This estimate does not account for the fact that both
baryonic and dark matter will be present in the cloud,
and it assumes there is no coupling between the two sec-
tors other than gravity.
Once these small black holes form, they are likely
to stay small. The Eddington accretion rate scales as
M˙ = 4piGMmXc
(
3
8pi
) (
mcc
2
αD~c
)2
, where  is the fraction of
potential energy from infalling matter that can be radi-
ated away as heat. In the cases studied here, there is
likely to be no appreciable accretion from dark sector or
baryonic matter after the formation period.
Modeling the dark black hole population and coales-
cence rate - In simulations of Pop III star formation,
about 0.1% of the gas ends up in stars [29]. Conserva-
tively, we assume an efficiency factor of fform. eff. = 10
−3,
to relate the fraction of dark matter that is in collapsing
structures to the fraction that actually ends up in black
holes. Together with the fcool = 0.01, this would put
10−5 of the dark matter in dark black holes. However,
3simulations and observations of the stellar mass fraction
today find that stars make up a few percent of the to-
tal halo mass (see, eg, [30] and references therein), which
means that more than 10% of baryons in the halo are in
stars. The combination fcool×fform. eff. may be plausibly
as high as 10−3. We take this as the optimistic case.
We use the mass function and binary parameters from
observational and numerical studies of Pop III stars as
a guideline for the DBH population. We assume a mass
function of the form dPm ∝ m−b, with birth masses that
range over two orders of magnitude. Some studies sug-
gest that the initial mass function of Pop III stars is
significantly flatter than the Salpeter form (b = 2.35).
The range of possible values includes b = −0.17 as fit to
the simulations results of [31] in [29], or log-flat (b = 1),
as used [32]. We use b = 0.17, the best fit from [29],
for our numerical results. Figure 1 shows the DBH mass
function for several choices of the dark proton mass, mX .
We use the binary parameters reported by [29]: frac-
tion of stars in binaries, fbinary = 0.26 (corresponding to
their fB = 0.36), and the mass ratio (q = mlight/mheavy)
distribution Pq ∝ qnqdq with nq = −0.55. We assume a
thermal distribution for the eccentricity [33], e, so that
dPe ∝ enede with ne = 1. We take 0.1 < e < 1 [32]. For
the distribution for the semi-major axis, a, we follow [32]
and use dPa ∝ xnadx, with x = Log10(a/a∗), na = −1/2
and a∗ chosen to preserve the shape of the distribution.
Hartwig et al [32] consider 0.23AU < a < 9300AU for ob-
jects between 3 M and 300 M, with a∗=R ≈ 0.0047
AU. Assuming that the separation between objects scales
approximately as M1/3, we take, for example, 0.06 < a <
2400 AU as a most probable range when the minimum
mass of DBH is 0.054M (mX = 100 GeV case).
The time for a binary system of objects with massesm1
and m2 to merge due to loss of energy to gravitational
radiation is given approximately by the Peters formula
[34, 35]. For eccentricity e, and semi-major axis a
Tmerge =
(3× 109yr)M3
m1m2(m1 +m2)
( a
0.01 AU
)4
(1− e2)7/2. (6)
Using the distributions for the binary parameters above,
together with the Peters formula, we estimate the merger
rate today, for a Milky Way equivalent galaxy (MWEG)
defined by total mass of 1012M [36] assuming the global
dark matter fraction of 84%.
We then compute the detection rate, N˙ , for the grav-
itational wave observatories from the yearly merger rate
per MWEG (called raw rate in Table I) by [37]
N˙ =
(
#mergers
MWEG yr
)
4
3
pi
(
Dhorizon
Mpc
)3
(2.26)−3(0.0116)
(7)
where the last two numerical factors account for inhomo-
geneous coverage of sky position and orientations, and
the expected density of MWEGs in the coverage area.
The horizon distance Dhorizon is typically calculated
by finding the distance at which a signal-to-noise ra-
tio of 8 is achieved. We compute the horizon distance
by using the inspiral portion of the merger signal (scal-
ing with frequency as f−7/6 [37]) and the noise spectral
density curves for current and design sensitivity of Ad-
vanced LIGO, as well as the Einstein telescope. The
horizon distance as a function of chirp mass of the bi-
nary M5 ≡ µ3M2 (µ is the reduced mass and M is the
total mass) is shown in the left panel of Figure 2. When
computing the event rate for the Advanced LIGO and
Einstein telescope, we average over the cube of the hori-
zon distance for each binary in our population with a
merger time between 9 and 10 Giga-years. The right
panel of Figure 2 shows the distribution of chirp masses
for present-day mergers. We present the event rates in
Table I. Table I shows the conservative (optimistic) rate
estimates for several dark matter scenarios that could re-
sult in DBHs with masses accessible by Advanced LIGO
and Einstein telescope. Conservative (optimistic) rates
assume fcool × fform. eff. = 10−5 (10−3). Note that the
actual rate of interest will be higher if we include the
possibility of binaries containing one sub-solar DBH and
one standard black hole.
Discussion - Our estimates show that reasonable pa-
rameter regimes for the dark sector may give popula-
tions of obviously non-baryonic black holes (that is, with
masses below the baryonic Chandrasekhar limit) within
the reach of future instruments (e.g., the Einstein Tele-
scope [38]) and possibly even Advanced LIGO. By as-
suming the most favorable possible merger rate, a null
result for sub-solar mass black hole searches from gravi-
tational waves can provide relatively direct constraints on
the fraction of dark matter in sub-solar mass black holes.
Through dedicated numerical studies to refine the esti-
mates presented here, gravitational wave data can con-
strain particle physics parameters of an “atomic” dark
sector.
LIGO did carry out a search in the range of 0.2−1.0M
in 2005, constraining the population to be fewer than 63
per MWEG per year (90% confidence). Historically, the
only motivation for such a search has been a possible pri-
mordial black hole population, which may be distinguish-
able from the DBH scenario by LIGO itself if sufficient
spin information can be acquired.
Note that even in our optimistic case, DBHs make up
just 0.1% of dark matter and have an extended mass
function, so the population evades existing micro-lensing
constraints [40–42] which come in when compact objects
make up order 10% of dark matter. If future microlens-
ing searches similar to [43] target small black holes, that
may be a promising way to detect or constrain the pop-
ulation. Although these black holes are small, if they are
sufficiently clustered X-ray emission from their accretion
disks may also be detectable.
While the DBH population is presently not well con-
strained, interacting dark matter scenarios also alter
small-scale structure. Studies of nearby galaxies find
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FIG. 2. (Left:) The horizon distance (maximum luminosity distance) for the 8-σ detections from the current advanced LIGO
(aLIGO), advanced LIGO at design sensitivity, and Einstein telescope, as a function of chirp mass M≡ [q3/(1 + q)]1/5m. For
each case, upper (lower) solid line is for q = 1 (q = 0.1), and dashed line is the approximation Dhorizon(M) ∝ (M/M)6/5
with proportionality constant 147, 378, 5450 Mpc for the current aLIGO, aLIGO at design sensitivity, and Einstein telescope,
respectively. (Right:) The distribution of the chirp mass M of the DBH binaries merging today, for the four dark matter
parameter choices shown in Table I.
mX mc M
dark
Chand. MDBH Rates per year m1 < 1.4 m1,m2 < 1.4
[GeV] [keV] [10−5M] [M] raw (MWEG−1) aLIGO (current) aLIGO (full) Einstein T. [%] [%]
62 31 33 0.0068− 0.68 2.0×10−6(10−4) 0.0012 (0.12) 0.020 (2.0) 60 (6000) 100% 100%
48 47 56 0.016− 1.6 1.3×10−6(10−4) 0.0065 (0.65) 0.11 (11) 330 (33k) 99% 79%
32 70 125 0.054− 5.4 6.6× 10−7(10−5) 0.068 (6.8) 1.1 (110) 3500 (350k) 53% 9.3%
16 140 500 0.43− 43 1.9× 10−7(10−5) 0.89 (89) 22 (2200) 92k (9200k) 9.8% 0.14%
TABLE I. DBH masses and binary merger rates today, estimated using the procedure in the text, for several choices of dark
proton mass mX and dark electron mass mc. All black hole masses are given in solar masses. In all cases we have set the dark
fine structure constant to αD = 0.01 and the ratio of present day temperature of the dark sector to photon temperature to
ξ = 0.02. The conservative (optimistic) rates use fcool × fform. eff. = 10−5(10−3). The optimistic rate for mX = 16 GeV is high
enough it may already be constrained by existing LIGO data. The last two columns show the percent of binaries where one or
both black holes in the binary has a mass less than the standard Chandrasekhar mass (1.4 M).
good agreement with the predictions from cold dark mat-
ter simulations [45], but are possibly not sensitive to
shifting about ∼ 1% of the dark matter into the cool-
ing regime. Simulations of atomic dark matter in the
literature include work claiming rather tight constraints
from sub-structure, albeit in a slightly different parame-
ter space than we have used here, from various features
of substructure [20] and work showing that atomic dark
matter may alleviate small-scale structure tensions [47].
If the relationship between mX and the minimum DBH
mass used here survives a more careful analysis, a sub-
solar mass black hole search with LIGO would provide
complementary constraints on the region of parameter
space that is on the edge of being excluded by current
self-scattering bounds in the literature [19]. Even if these
constraints ultimately imply that only a fraction of dark
matter can be atomic, scenarios where all the atomic dark
matter can cool may still lead to a DBH population of
comparable size and statistics to the one we have consid-
ered here.
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